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METHOD AND APPARATUS FOR DISTINGUISHING BETWEEN 
SOURCES OF PROCESS VARIATION 

BACKGROUND OF THE INVENTION 
5 1. FIELD OF THE INVENTION 

This invention relates generally to semiconductor device manufacturing and, more 
particularly, to a method and apparatus for distinguishing between sources of process 
variation. 

2. DESCRIPTION OF THE RELATED ART 

There is a constant drive within the semiconductor industry to increase the quality, 
reliability and throughput of integrated circuit devices, e.g., microprocessors, memory 
devices, and the like. This drive is fueled by consumer demands for higher quality computers 
and electronic devices that operate more reliably. These demands have resulted in a 
continual improvement in the manufacture of semiconductor devices, e.g., transistors, as well 
as in the manufacture of integrated circuit devices incorporating such transistors. 
Additionally, reducing the defects in the manufacture of the components of a typical 
transistor also lowers the overall cost per transistor as well as the cost of integrated circuit 
devices incorporating such transistors. 

Generally, a set of processing steps is performed on a lot of wafers using a variety of 
processing tools, including photolithography steppers, etch tools, deposition tools, polishing 
tools, rapid thermal processing tools, implantation tools, etc. The technologies underlying 
semiconductor processing tools have attracted increased attention over the last several years, 
resulting in substantial refinements. However, despite the advances made in this area, many 
of the processing tools that are currently commercially available suffer certain deficiencies. 
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In particular, such tools often lack advanced process data monitoring capabilities, such as the 
ability to provide historical parametric data in a user-friendly format, as well as event 
logging, real-time graphical display of both current processing parameters and the processing 
parameters of the entire run, and remote, i.e., local site and worldwide, monitoring. These 
5 deficiencies can engender nonoptimal control of critical processing parameters, such as 
throughput, accuracy, stability and repeatability, processing temperatures, mechanical tool 
parameters, and the like. This variability manifests itself as within-run disparities, run-to-run 
disparities and tool-to-tool disparities that can propagate into deviations in product quality 
and performance, whereas an ideal monitoring and diagnostics system for such tools would 
J 0 provide a means of monitoring this variability, as well as providing means for optimizing 

X' control of critical parameters. 

p 

Typically, during the fabrication of a semiconductor wafer, a metrology event 

m 

immediately follows a process event to monitor the performance of the process. Multiple 

F metrology tools may be employed to measure several metrics related to the process 

O 

M5 performance. After such metrology, adjustments to the operating parameters of process may 
" be made to control the process output in light of a target value. Certain metrology tests, such 
as electrical performance tests (e.g., effective gate length and drive current), are not 
performed until many processing steps have been performed (i.e., typically after the first 
metal layer is formed). It is only at this point that the success of certain previous process 

20 events is evident. Although the electrical tests may identify a performance drift, the temporal 
displacement between the numerous process events and the metrology event makes it difficult 
to identify the source of the drift or readily adjust the process to account for the drift. 
Another condition that exacerbates the difficulty in identifying the source of a fault is the 
number of processing and metrology tools in the process flow. Typically, more than one tool 

25 for performing a particular process or metrology step is provided in the manufacturing 
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facility. Each particular lot of wafers may pass through an entirely different set of tools 
during its production. 

There are various ways for identifying process drifts. Generally, metrology data (i.e., 
performance or process) is gathered and evaluated against various rules to determine if an 
5 error condition has occurred. Although, various rules may be used, many companies have 
adopted the "Western Electric Rules," originally developed by the Western Electric 
Company. The rules specify that an error occurs if: 

Rule 1: One measurement exceeds three standard deviations from the target (i.e., 
O \>3a); 

MIO Rule 2: Two out of three consecutive measurements exceed two standard deviations 

p from the target on one side of the target (i.e. , 2/3>2 cr ); 

Rule 3 : Four out of Five consecutive measurements exceed one standard deviation 
□ from the target on one side of the target (i.e., 4/5>a); and 

1= Rule 4: Eight consecutive points on one side of the target. 

15 Rule 1 and 2 violations are typically associated with process faults or equipment 

failures. Rule 3 and 4 violations are most often useful for identifying process drifts. Process 
drifts may result in shifts in feature dimensions, such as oxide thickness or gate electrode 
length, for example. Such drifts may result in degraded performance of the final product or 
may cause difficulty for subsequent processing steps. Some drifts may also be the result of 

20 errant metrology tools. For example, if the calibration on a metrology tool used to measure 
process layer thicknesses is out of specification, the metrology information it provides to the 
manufacturing control system may be inaccurate. The control system may attempt to adjust 
the process to account for the drift in metrology data and actually compound the problem. 
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Another potential cause for process drifts is changes to the operating parameters of a 
particular tool. Still another source for process variation is the characteristics of the incoming 
wafers to be processed in the tool prior to the metrology event that identifies the trend. For 
example, if a particular group of wafers has a dished or domes surface profile, the 
effectiveness of subsequent etch or polishing processes may be affected. A drift may not be 
caused by the etch or polishing tool, but rather due to the characteristics of the incoming 
wafers. 

Because there are many sources of process variation, it is difficult to identify the 
actual source and take appropriate corrective actions. If the source of the process variation is 
misidentified, the corrective actions may serve to increase the process variation rather than 
compensate for it. 

The present invention is directed to overcoming, or at least reducing the effects of, 
one or more of the problems set forth above. 

SUMMARY OF THE INVENTION 

One aspect of the present invention is seen in a method for distinguishing between 
sources of process variation. The method includes processing a plurality of manufactured 
items in a process flow; storing a set of production environment data associated with each of 
the manufactured items; identifying manufactured items associated with a process drift; 
generating a plurality of characteristic threads based on the production environment data; 
comparing the characteristic threads for at least those manufactured items associated with the 
process drift; and determining at least one potential cause for the process drift based on the 
comparison of the characteristic threads. 
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Another aspect of the present invention is seen in a manufacturing system including a 
plurality of tools for processing manufactured items in a process flow, a database server, and 
a drift monitor. The database server is adapted to store a set of production environment data 
associated with each of the manufactured items. The drift monitor is adapted to identify 
manufactured items associated with a process drift, generate a plurality of characteristic 
threads based on the production environment data, compare the characteristic threads for at 
least those manufactured items associated with the process drift, and determine at least one 
potential cause for the process drift based on the comparison of the characteristic threads. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention may be understood by reference to the following description taken in 
conjunction with the accompanying drawings, in which like reference numerals identify like 
elements, and in which: 

Figure 1 is a simplified block diagram of a manufacturing system in accordance with 
one illustrative embodiment of the present invention; 

Figure 2 is a diagram of a characteristic thread matrix used to identify sources of 
process drifts by a drift monitor in the manufacturing system of Figure 1 ; and 

Figure 3 is a simplified flow diagram of a method for distinguishing between sources 
of process variation in accordance with another embodiment of the present invention. 

While the invention is susceptible to various modifications and alternative forms, 
specific embodiments thereof have been shown by way of example in the drawings and are 
herein described in detail. It should be understood, however, that the description herein of 
specific embodiments is not intended to limit the invention to the particular forms disclosed, 
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but on the contrary, the intention is to cover all modifications, equivalents, and alternatives 
falling within the spirit and scope of the invention as defined by the appended claims. 

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 

Illustrative embodiments of the invention are described below. In the interest of 
5 clarity, not all features of an actual implementation are described in this specification. It will 
of course be appreciated that in the development of any such actual embodiment, numerous 
implementation-specific decisions must be made to achieve the developers' specific goals, 
such as compliance with system-related and business-related constraints, which will vary 
O from one implementation to another. Moreover, it will be appreciated that such a 
tttO development effort might be complex and time-consuming, but would nevertheless be a 
;f; routine undertaking for those of ordinary skill in the art having the benefit of this disclosure. 

Referring to Figure 1, a simplified block diagram of an illustrative manufacturing 
: r system 10 is provided. In the illustrated embodiment, the manufacturing system 10 is 
|U adapted to fabricate semiconductor devices. Although the invention is described as it may be 
HI 5 implemented in a semiconductor fabrication facility, the invention is not so limited and may 
be applied to other manufacturing environments. A network 20 interconnects various 
components of the manufacturing system 1 0, allowing them to exchange information. The 
illustrative manufacturing system 10 includes a plurality of tools 30-80. Each of the tools 30- 
80 may be coupled to a computer (not shown) for interfacing with the network 20. 

20 A process control server 90 directs the high level operation of the manufacturing 

system 10 by directing the process flow of the manufacturing system 10. The process control 
server 90 monitors the status of the various entities in the manufacturing system 10, including 
the tools 30-80. A database server 100 is provided for storing data related to the status of the 
various entities and articles of manufacture (e.g., wafers) in the process flow. The database 
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server 100 may store information in one or more data stores 110. The data may include pre- 
process and post-process metrology data, tool states, process flow activities (e.g., scheduled 
maintenance events, processing routes for lots of wafers), etc. The distribution of the 
processing and data storage functions amongst the different computers is generally conducted 
5 to provide independence and a central information store. Of course, more or fewer computers 
may be used. 

An exemplary information exchange and process control framework suitable for use 
in the manufacturing system 10 is an Advanced Process Control (APC) framework, such as 
may be implemented using the Catalyst system offered by KLA-Tencor, Inc. The Catalyst 
lllO system uses Semiconductor Equipment and Materials International (SEMI) Computer 
'g Integrated Manufacturing (CIM) Framework compliant system technologies and is based the 

2 Advanced Process Control (APC) Framework. CIM (SEMI E8 1-0699 - Provisional 

ffi 

Specification for CIM Framework Domain Architecture) and APC (SEMI E93-0999 - 
§ Provisional Specification for CIM Framework Advanced Process Control Component) 
;"1 5 specifications are publicly available from SEMI. 

1=4 

Portions of the invention and corresponding detailed description are presented in 
terms of software, or algorithms and symbolic representations of operations on data bits 
within a computer memory. These descriptions and representations are the ones by which 
those of ordinary skill in the art effectively convey the substance of their work to others of 
20 ordinary skill in the art. An algorithm, as the term is used here, and as it is used generally, is 
conceived to be a self-consistent sequence of steps leading to a desired result. The steps are 
those requiring physical manipulations of physical quantities. Usually, though not 
necessarily, these quantities take the form of optical, electrical, or magnetic signals capable of 
being stored, transferred, combined, compared, and otherwise manipulated. It has proven 
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convenient at times, principally for reasons of common usage, to refer to these signals as bits, 
values, elements, symbols, characters, terms, numbers, or the like. 

It should be borne in mind, however, that all of these and similar terms are to be 
associated with the appropriate physical quantities and are merely convenient labels applied 
5 to these quantities. Unless specifically stated otherwise, or as is apparent from the 
discussion, terms such as "processing" or "computing" or "calculating" or "determining" or 
"displaying" or the like, refer to the action and processes of a computer system, or similar 
electronic computing device, that manipulates and transforms data represented as physical, 
electronic quantities within the computer system's registers and memories into other data 
£l0 similarly represented as physical quantities within the computer system memories or registers 
£ or other such information storage, transmission or display devices. 

? The tools 30-80 are grouped into sets of like tools, as denoted by lettered suffixes. 

O For example, the set of tools 30A-30C represent tools of a certain type, such as a 
O photolithography stepper. A particular wafer or lot of wafers progresses through the tools 30- 
;=15 80 as it is being manufactured, with each tool 30-80 performing a specific function in the 
process flow. Exemplary processing tools, include metrology tools, photolithography 
steppers, etch tools, deposition tools, polishing tools, rapid thermal processing tools, 
implantation tools, etc. Typically, the path a particular wafer or lot passes through the 
process flow varies. Certain tools may be out-of- service for maintenance or otherwise 
20 occupied processing other lots. The process control server 90 routes the individual lots 
through the process flow depending on the steps that need to be performed and the 
availabilities of the tools 30-80. A particular lot of wafers may pass through the same tool 
30-80 more than once in its production (e.g., a particular stepper may be used for more than 
one masking operation). 
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The tools 30-80 are illustrated in a rank and file grouping for illustrative purposes 
only. In an actual implementation, the tools may be arranged in any order of grouping. 
Additionally, the connections between the tools in a particular grouping are meant to 
represent only connections to the network 20, rather than interconnections between the tools. 

The process control server 90 stores information related to the particular tools 30-80 
used to process each lot of wafers in the data store 110. As metrology data is collected 
related to the lot, the metrology data and a tool identifier indicating the identity of the 
metrology tool recording the measurements is also stored in the data store 110. The 
metrology data may include feature measurements, process layer thicknesses, electrical 
performance, surface profiles, etc. Maintenance history for the tools 30-80 (e.g., cleaning, 
consumable item replacement, repair) is also stored in the data store 110 by the process 
control server 90 or by a tool operator. Collectively, the metrology data and the tool data 
may be referred to as production environment data. Each particular lot of wafers has a 
unique set of production environment data. The production environment data defines the 
physical history of the wafers in the lot (i.e., based on the physical and performance 
metrology data) and the processing history of the wafers in the lot (i.e., based on tool and 
recipe data). 

The manufacturing system 10 includes a statistical process control (SPC) client 
computer 120 adapted to execute a drift monitoring application program (drift monitor) 130 
to identify the sources of process drifts. The drift monitor 130 may be adapted to 
automatically identify process drifts (e.g., by identifying rule 3 or 4 violations). 
Alternatively, the drift monitor 130 may be initiated manually after a process drift has been 
noticed by a tool operator or process owner. For example, if the electrical performance of a 
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group of wafers is substandard, the tool monitor 130 may be used to attempt to identify a 
common cause. 

The drift monitor 130 identifies a set of lots that appear to be involved in the process 
drift. The size of the set may vary, depending on the particular implementation. The set may 
5 also include a number of lots not associated with the process drift to help rule out certain 
common causes. For example, if a number of lots associated with the process drift are 
measured with a particular metrology tool, it may be designated as the cause of the drift. 
However, if other lots that were also measured by the same metrology tool do not have a 
similar drift problem, the actual source of the process drift may be different. 

O 

K 1 0 Although the invention is described as it may be implemented by identifying lots of 

;P wafers associated with the process drift, the invention is not so limited. The degree of 
*JZ granularity depends on factors such as the level of metrology information and the degree of 
q control available. Typically, control in a semiconductor fabrication facility is performed on a 
Q lot-by-lot basis. However, in more advanced fabrication facilities, control is shifting to a 
Q15 wafer-by-wafer basis. Accordingly, process drifts and subsequent analysis may be 
designated on a lot-by-lot, wafer-by-wafer, or some other grouping basis. 

The drift monitor 130 generates characteristic threads based on the production 
environment data to identify common characteristics of the wafers involved in the drift. 
Figure 2 illustrates an exemplary characteristic thread matrix 200 for generating characteristic 
20 threads as may used by the drift monitor 130. In the example illustrated in Figure 2, the drift 
monitor 130 is analyzing a drift in the thickness of a process layer of silicon dioxide. A 
sample size of 100 total lots of wafers, with 10 lots being associated with the drift condition, 
is shown. For clarity and ease of illustration, only a few characteristic threads are illustrated 
in Figure 2. Specifically, the drift monitor 130 generates threads based on processing tool, 
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metrology tool, incoming wafer profile, and deposition time. In an actual implementation, 
many more threads may be used. For example, characteristic threads may be based many 
different processing tools, different operating recipe parameters, and other incoming wafer 
characteristics. 

The characteristic thread matrix 200 includes a plurality of characteristic categories 
210 and a plurality of corresponding characteristic threads. The results of each characteristic 
thread is shown using the notation "A / B," where A is the total number of lots in the 
characteristic thread, and B is the total number of lots in the characteristic thread associated 
with the drift condition. The sample size of 100 lots is based on a plurality of lots recently 
processed in the manufacturing system 1 0. Typically, only recent lots are selected for drift 
analysis. Lots older than two days, for example, may be eliminated by filtering the 
production environment data. Filtering may also be conducted to remove threads not likely 
to cause a drift, or likely to cause a drift in the opposite direction than the one identified. For 
example, the drift may be related to an increase in oxide thickness. Threads related to 
metrology of metal critical dimensions, for example, may be eliminated from further 
investigation. 

The results of the characteristic threads 220 illustrated in Figure 2 show that the 
processing tools and the metrology tools are not likely to be the source of the drift. The 
distribution of wafers associated with the drift is roughly equal to the total distribution of 
wafer processed. Likewise, the deposition time characteristic threads 220 do not shown any 
likely candidates. However, the wafer profile characteristic threads 220 show a possible 
deviation. Note that of the 25 lots of wafers having a domed profile that were processed, 8 
were involved with the process drift. Based on the noted deviation, it is likely that the source 
of the process drift was related to the domed profile of the incoming wafers. Based on this 
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knowledge, a corrective action may be to adjust the operating recipes of previous processing 
tools in the process flow to try to reduce the number of wafers being generated with a domed 
profile. For example, polishing tools typically are prone to polishing with either a center fast 
or center slow polishing characteristic. The operating parameters of the polishing tools may 
5 be adjusted to decrease the tendency to polish with a center slow characteristic. 

The example illustrated above with reference to Figure 2 was simplified for ease of 
illustration. In an actual characteristic thread analysis, the drift monitor 130 may identify a 
plurality of suspect characteristic threads 220 requiring further investigation. Although a 
definitive source of the drift may not be immediately discernible, a narrowed down list of 
Si 0 potential drift sources greatly reduces the time and resources required to identify and correct 

;i 2 the cause. 

»*= 
W 

[Z Turning now to Figure 3, a simplified flow diagram of a method for distinguishing 

q between sources of process variation in accordance with another embodiment of the present 

G invention is provided. In block 300, a plurality of manufactured items are processed in a 

ru 

1315 process flow. In block 310, a set of production environment data associated with each of the 
manufactured items is stored. In block 320, manufactured items associated with a process 
drift are identified. In block 330, a plurality of characteristic threads are generated based on 
the production environment data. In block 340, the characteristic threads for at least those 
manufactured items associated with the process drift are compared. In block 350, at least one 
20 potential cause for the process drift is determined based on the comparison of the 
characteristic threads. 

The particular embodiments disclosed above are illustrative only, as the invention 
may be modified and practiced in different but equivalent manners apparent to those skilled 
in the art having the benefit of the teachings herein. Furthermore, no limitations are intended 
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to the details of construction or design herein shown, other than as described in the claims 
below. It is therefore evident that the particular embodiments disclosed above may be altered 
or modified and all such variations are considered within the scope and spirit of the invention. 
Accordingly, the protection sought herein is as set forth in the claims below. 
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